ABSTRACT. One important regulator that coordinates response to environmental stress is the hormone abscisic acid (ABA), which is synthesized from xanthophyll pigments. Despite the fact that there is strong evidence of increases in ABA concentrations under various environmental stresses, information concerning the effects of exogenous ABA applications on leaf pigments and fruit carotenoids in tomato (Solanum lycopersicum) is lacking. This study investigated the impacts of root tissue ABA applications on tomato leaf and fruit pigmentation concentrations of 'MicroTina' and 'MicroGold' tomato plants. Tomato plants were treated with increasing concentrations of ABA in the nutrient solution. Therefore, the purpose of this study was to determine dose-response effects of ABA treatment in solution culture for maximum leaf pigmentation and fruit carotenoids in two distinct genotypes of dwarf tomato. Because ABA is a product of the carotenoid biosynthetic pathway, we hypothesized that applications of ABA treatments would have a positive impact on leaf chlorophylls and carotenoids. Applications of ABA treatments may also have a positive impact on tomato fruit carotenoids. The results indicated that 'MicroTina' plants treated with ABA (0.5, 5.0, and 10.0 mgÁL L1 ) had a significant increase in b-carotene [BC (P £ 0.001)], lutein [LUT (P £ 0.001)], zeaxanthin [ZEA (P £ 0.05)], and neoxanthin [NEO (P £ 0.001)] in the leaf tissue. In 'MicroGold' tomato plants, carotenoids responded similarly. For example, there were significant increases in BC (P £ 0.01), LUT (P £ 0.001), ZEA (P £ 0.05), and NEO (P £ 0.001). In 'MicroTina' tomato leaves, there were significant increases in chlorophyll a [Chl a (P £ 0.001)] and chlorophyll b [Chl b (P £ 0.001)] concentrations. Furthermore, there were significant increases in Chl a (P £ 0.001) and Chl b (P £ 0.001) in 'MicroGold' leaf tissue. In 'MicroTina' tomato fruit tissue, the concentration increased significantly for lycopene [LYCO (P £ 0.01)]. However, in 'MicroGold', there were no significant changes in BC and LUT concentrations. In addition, LYCO was found to be below detection limits in 'MicroGold' tomato fruit. Therefore, ABA has been shown to positively change tomato leaf pigments in both genotypes and fruit tissue carotenoid concentrations in 'MicroTina' tomato.
Plant responses to environmental stress involve a number of metabolic and physiological changes. One important regulator that coordinates response to environmental stress is the hormone, ABA, which is synthesized from xanthophyll pigments (Taylor et al., 1988) . Concentrations of ABA increase in plant tissues in response to environmental stress resulting in drought-induced stomatal closure (Desikan et al., 2004) , accumulation of secondary messenger molecules , and enhancement of ABA-responsive gene expression (Liu et al., 2010) . One of the most important abiotic stress factors, water deficit, can regulate plant growth and development, thus limiting plant production (Jiang and Zhang, 2002) . However, plants will produce ABA in low levels in the absence of stress factors. Therefore, ABA is an important component in the mechanisms of resistance and adaptation to abiotic stress conditions (Berli et al., 2010) .
The role of ABA in protecting the xanthophyll cycle (deepoxidation of violaxanthin to zeaxanthin through antheraxanthin) and the photosynthetic apparatus from photo-oxidative stress is well documented (Du et al., 2010) . For example, exogenous applications of ABA to barley (Hordeum vulgar) seedlings resulted in an increase in total and xanthophyll carotenoid concentrations by 122% protecting photosystem II (PSII) against photoinhibition at low temperatures (Ivanov et al., 1995) . Haisel et al. (2006) found that seedlings of bean (Phaseolus vulgaris), tobacco (Nicotiana tabacum), beet (Beta vulgaris), and corn (Zea mays) pre-treated with ABA demonstrated increased chlorophyll and carotenoid concentrations under water stress. Sorghum (Sorghum bicolor) seedlings supplemented with ABA and exposed to light intensities to induce photo-inhibition (2200 and 3600 mmolÁm -2 Ás -1 photosynthetically active radiation) had better energy dissipation and much greater levels of de-epoxidation than control seedlings (Sharma et al., 2002) . In addition, ABA plays an important role during fruit ripening. Research has indicated that ABAassociated genes were highly expressed in ripening fruit (Zhang et al., 2009) and that application of ABA accelerated ethylene biosynthesis, therefore regulating fruit ripening (Zaharah et al., 2013) . The de novo synthesis of carotenoids in the tomato fruit tissue, mainly lycopene and b-carotene, are associated with the color changes from green to red as chloroplasts are transformed to chromoplasts (Pék et al., 2010) . Thus, the change in color may be the result of ABA-induced accelerated ethylene biosynthesis in the tomato fruit. Furthermore, foliar-applied ABA on grapes (Vitis vinifera) resulted in stimulatory effects on fruit color (Cantin et al., 2007) .
Despite the fact that there is strong evidence of increases in ABA concentrations under various environmental stresses, information regarding the effects of exogenous ABA applications on leaf pigments and fruit carotenoids in tomato is lacking. Tomato seedlings are grown in greenhouses under controlled conditions in seedling cultivation operations. However, when transplanted into the field, tomato plants are exposed to a wide range of environmental conditions that can be detrimental to growth and development. Furthermore, although the tomato plants are exposed to these adverse conditions, consumers want tomato fruit that are more nutritious. Adverse environmental conditions such as drought, excess light, and high-temperature stress may negatively affect the nutritional values of tomato fruit. Among carotenoids, LYCO is one of the most potent antioxidants and is a major component of red tomato fruit (Miller et al., 1996) . Research has indicated that LYCO is a powerful antioxidant that can prevent cancers. For example, Tang et al. (2005) demonstrated that naturally occurring LYCO doses of 100 to 300 mgÁkg -1 inhibited cancerous prostrate cells in mice by more than 50%. Therefore, the purpose of this study was to determine dose-response effects of ABA treatment in solution culture for maximum leaf pigmentation and fruit carotenoids in two distinct genotypes of dwarf tomato. Dwarf tomato plants were chosen for their genetic homology to large tomato plants and small size for benchtop experimentation. Because ABA is a product of the carotenoid biosynthetic pathway, we hypothesized that applications of ABA treatments would have a positive impact on leaf chlorophylls and carotenoids. Therefore, applications of ABA treatments may also have a positive impact on tomato fruit carotenoids.
Materials and Methods
PLANT CULTURE AND HARVEST. Seeds of 'MicroTina' and 'MicroGold' tomato (provided by Dr. Jay Scott, The University of Florida) were sown into 2.5 · 2.5-cm growing cubes (Grodan, Hedehusene, Denmark), germinated under greenhouse conditions, and grown at 25/20°C (day/night). Natural photoperiod and intensity of sunlight for tomato production in the greenhouse were supplemented with 24 individual 1000-W high-pressure sodium lights under a 16-h photoperiod. The lights delivered an average of 850 mmolÁm -2
Ás
-1 over the entire photoperiod. Light intensity readings were taken 1.22 m off the ground (just above the tomato canopy). At 21 d after seeding, the plantlets were transferred to 11-L containers (Rubbermaid, Wooster, OH) filled with 10 L of nutrient solution. Tomato plants were grown hydroponically with a tomato fertilizer scheme developed at the University of Tennessee. Elemental concentrations of the nutrient solutions were (mgÁL . Solutions were aerated with an air blower (Model 25E133W222; Spencer, Winsor, CT) connected to air stones in each reservoir. Complete nutrient solution and treatment changes were made every week until study conclusion. Fruit tissues were harvested 84 to 90 d after seeding. Ten ripe fruit for each experimental unit were juiced and prepared for carotenoid analysis. Harvested fruit samples were stored at -20°C for no longer than 14 d before analysis. Leaf samples were taken on last harvest and were frozen at -80°C until analysis for chlorophylls and carotenoids.
FRUIT CAROTENOID TISSUE ANALYSIS. Carotenoids were extracted from fresh-frozen ripe fruit tissues and quantified according to the methods of Emenhiser et al. (1996) with slight modifications. Fruit was removed from -20°C and thawed until slightly pliable. A sample of 10 whole ripe fruits from each experimental unit (treatment) was blended into a slurry. A 2.0-g subsample of the slurry was placed into a test tube (20 · 150 mm), and 5 mL of hexane and 0.8 mL of the internal standard (ethylb-8#-apo-carotenoate; CaroteNature, Lupsingen, Switzerland) were added. Test tubes were vortexed for 1 min before addition of 5 mL of tetrahydrofuran and then vortexed for 1 min before additions of 5 mL of reverse osmosis water. After vortexing for 20 s, test tubes were stored at 4°C for 10 min to achieve aqueous-organic separations. Tubes were then centrifuged at 500 g n for 10 min. The organic top layer was removed using a disposable Pasteur pipette and placed into a graduated conical test tube. The sample volume was reduced to dryness under a stream of nitrogen gas (N-EVAP 111; Organomation, Berlin, MA). Samples were brought up to a final volume of 5 mL with acetone, and a 2-mL aliquot was filtered through a 0.2-mm polytetrafluoroethylene (PTFE) filter (Econofilter PTFE 25/20; Agilent Technologies, Santa Clara, CA) before high-performance liquid chromatography (HPLC) analysis.
A HPLC unit with a photodiode array detector (1200 series; Agilent Technologies) was used for pigment separation. Chromatographic separations were achieved using an analytical scale (250 · 4.6 mm i.d.) 5-mm polymeric RP-C 30 column (ProntoSIL; MAC-MOD Analytical, Chadds Ford, PA), which allowed for effective separation of chemically similar pigment compounds. The column was equipped with a 5-mm guard cartridge (10 · 4.0 mm i.d.) and holder (ProntoSIL) and was maintained at 40°C using a thermostatted column compartment. All separations were achieved isocratically using a binary mobile phase of 38.00% methyl tert-butyl ether, 61.99% methanol, and 0.01% triethylamine (v/v/v). The flow rate was 1.0 mLÁmin -1 with a run time of 40 min. Eluted compounds from a 10-mL injection loop were detected at 453 nm; and data were collected, recorded, and integrated using ChemStation Software Version B.01.01 (Agilent Technologies). Peak assignment for individual pigments was performed by comparing retention times and line spectra obtained from photodiode array detection using external standards of BC, LUT, and LYCO (ChromaDex, Irvine, CA).
LEAF CAROTENOID AND CHLOROPHYLL ANALYSIS. The frozen tomato leaf samples were lyophilized in a programmed freeze dryer (Model 6L FreeZone; LabConCo, Kansas City, MO). Freeze-dried tissues were then ground in liquid nitrogen with a mortar and pestle. Pigments were extracted and separated according to Kopsell et al. (2004) , which was based on the method of Khachik et al. (1986) . HPLC separation parameters and pigment quantification followed procedures of Kopsell et al. (2007) . A HPLC unit with a photodiode array detector (1200 series; Agilent Technologies) was used for pigment separation.
STATISTICAL ANALYSIS. Data were analyzed using the PROC Mixed Model analysis of variance (ANOVA) procedure of SAS (Version 9.3; SAS Institute, Cary, NC) (Garcia-Mina et al., 2013) . The fixed effect for the experiment consisted of the control (0.0 mgÁL -1 ABA) and ABA treatments (0.5, 5.0, and 10.0 mgÁL -1 ), whereas replications were analyzed as random effects. The mean differences among the ABA treatments (0.5, 5.0, and 10.0 mgÁL -1 ) were not significant. Therefore, a one-way ANOVA contrast was conducted to compare the mean differences between the control treatment and the combined ABA treatments. The SEs are based on the pooled error term from the ANOVA table. We report model-based values rather than unequal SE from a databased calculation because pooled errors reflect the statistical testing being done. We conducted diagnostic tests to ensure that treatment variances were statistically equal before pooling. ) was not significant. Therefore, the ABA treatments were pooled and compared with the control treatment. The application of ABA treatments to the nutrient solution increased the accumulation of BC (49.1%), LUT (32.3%), ZEA (64.9%), and NEO (31.4%) carotenoids in 'MicroTina' tomato leaf tissue when compared with the control treatment (Table 1) . In 'MicroGold' tomato, leaf tissue carotenoids responded similarly when treated with ABA compared with the control (Table 2) . BC increased 42.3% in the ABA-treated leaf tissue. LUT increased 25.1% in ABA-treated leaf tissue. ZEA increased 35.7% in ABA-treated leaf tissue. NEO increased 30.8% in the leaf tissue of ABA-treated tomato plants.
Results

IMPACT
In both genotypes, total carotenoids increased in plant treated with ABA in the nutrient solution when compared with the control. Total carotenoids increased significantly in 'MicroTina' tomato leaves (Table 1) . Leaves of 'MicroGold' had an increase in total carotenoids in treated tomato plants (Table 2) . Similarly, total leaf tissue chlorophyll pigments increased in both 'MicroTina' and 'MicroGold' tomato plants. Specifically, Chl a increased 40.4%, whereas Chl b increased 27.0% in 'MicroTina' treated tomato plants (Table 3) . Additionally, Chl a and Chl b in 'MicroGold' tomato leaves increased by 39.0% and 24.9%, respectively (Table 4) . Therefore, the results indicate that ABA treatment applications increase carotenoid and chlorophyll pigments compared with the control treatments with no ABA. IMPACT OF ABA ON TOMATO FRUIT CAROTENOIDS. In 'MicroTina' tomato fruit, there was an increase in LYCO concentrations by 35.5% when comparing ABA treatments concentrations with the control treatment with 0.0 mgÁL -1 of ABA (Table 5 ). In contrast, there were no significant differences in 'MicroGold' fruit tissue carotenoids. This may be the result of the low concentrations of BC in 'MicroGold' tomato fruit tissue (Table 6) . Additionally, LYCO concentrations in 'MicroGold' tomato fruit tissue were below the detection limit of the HPLC (Table 6) . Thus, LYCO could not be measured accurately.
Discussion
Applications of exogenous ABA increased concentrations of tomato leaf carotenoids such as ZEA, BC, LUT, and NEO. Thus, ABA may indirectly regulate the carotenoid pathway by increasing the activity of key enzymes such as BC hydroxylase and phytoene synthase (PSY) (Meier et al., 2011) . Under stress conditions such as drought or high salinity, ABA increases, creating a stress response in the plant. The increased activities Chl a = chlorophyll a; Chl b = chlorophyll b; Total Chl = total chlorophyll. SE was Chl a ± 11.94, Chl b ± 3.09, Total Chl ± 14.57. x ***Significant at P # 0.001. of these enzymes require an available source of isoprenoid substrates, which leads to the production of carotenoids. Previous research has demonstrated that abiotic stress-induced ABA formation leads to the positive regulation of PSY3 gene expression. The positive regulation increases PSY activity feeding carotenoids into the pathway for production of ABA (Welsch et al., 2008) . In arabidopsis (Arabidopsis thaliana) seedlings, elevated expression of PSY resulted in increased carotenoid levels (Rodriguez-Villalon et al., 2009 ). In addition, Du et al. (2010) found that activity of BC hydroxylases from rice (Oryza sativa), which was shown to be a rate-limiting step for ABA biosynthesis, can alter the plant resistance to drought and oxidative stress by modulating the levels of xanthophylls and ABA synthesis.
This study also found that application of ABA increased Chl a and Chl b levels in the tomato leaf tissue. These findings are logical because carotenoids and chlorophylls are derived from the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Because both carotenoids and chlorophylls are derived from the MEP pathway, ABA may act similarly by increasing the levels of both in leaf tissue. These findings are consistent with previous studies. Pospisilova et al. (1993) found that chlorophylls (a + b) and BC concentrations were higher in ABA-treated tobacco plantlets. In addition, applications of ABA to barley seedlings increased total carotenoids, thus protecting PSII against photoinhibition (Ivanov et al., 1995) . Previous research has demonstrated that increases in carotenoid pools reduce plant sensitivity to adverse environmental stress conditions (Li et al., 2008) . For example, carotenoids are considered to be the main singlet oxygen quenchers in chloroplasts and protect chlorophylls from oxidative damage. Ramel et al. (2012a) found that the accumulation of different volatile derivatives of BC such as b-cyclocitral caused a photo-oxidative stress signal that induced changes in the expression of a large set of genes identified as singlet oxygen-responsive genes. In another study, BC endoperoxide rapidly accumulated during high-light stress, which was correlated with the extent of PSII photoinhibition and the expression of various singlet oxygen marker genes (Ramel et al., 2012b) .
These studies support the idea that increased levels of chlorophylls and carotenoids in the leaf tissue, induced by ABA treatments, can increase the antioxidant capacity of plants to abiotic-induced stress. It may be possible to use ABA as a viable and novel approach to increase plant capacity to combat abiotic-induced stress by increasing leaf carotenoids such as ZEA and BC, allowing for a better response to abiotic stress. These results pose questions regarding why the application of ABA increased some carotenoids and not others. The current study did not answer these questions. Therefore, other research may be needed to identify plausible solutions.
ABA treatments had a significant effect on LYCO concentrations in 'MicroTina' tomato fruit tissue. There was also an increase in fruit BC concentrations. Therefore, ABA demonstrated a positive impact on tomato fruit carotenoids for this genotype. However, ABA treatments had no significant impact on 'MicroGold' fruit carotenoid concentrations. The lack of influence of ABA on 'MicroGold' fruit carotenoids may be the result of the very low concentrations of pigments present in the fruit tissues of this genotype. Research had demonstrated the genetic makeup of tomato cultivars determines the concentrations of metabolites in tomato. However, environmental factors also strongly affect the concentrations of metabolites (Brandt et al., 2012; Helyes et al., 2007) . Thus, the impact of ABA on tomato fruit carotenoids may be from the triggering of ethylene biosynthesis that usually results from higher concentrations of ABA. Previous research from Buta and Spaulding (1994) found that the highest levels of tomato fruit ABA occurred at the pink stage (40 d), followed by a significant decline during subsequent ripening stages. They demonstrated that as the fruit ripened, *** *** *** z Mean separation of the ABA treatments were not significant; therefore, ABA treatments were pooled for statistical analysis. y Chl a = chlorophyll a; Chl b = chlorophyll b; Total Chl = total chlorophyll. SE was Chl a ± 10.26, Chl b ± 2.48, Total Chl ± 12.51. x Significant at P # 0.001. ethylene concentrations increased, whereas ABA levels decreased, which may lead to an increase in carotenoid production in the ripening fruit tissue. Other studies have also demonstrated that decreases in endogenous ABA resulted in increases of carotenoid concentrations. Decreases in ABA led to increases in ethylene production by increasing transcription of genes related to the synthesis of ethylene during tomato fruit ripening (Sun et al., 2012) . Therefore, ABA's most important function is in the pre-ripening stage of fruit tissues, when it triggers ethylene production causing an increase in carotenoid production.
This study demonstrated the positive impacts of root tissue ABA applications on tomato leaf pigmentation and fruit tissue carotenoid concentrations. The results showed that ABA increased tomato leaf chlorophylls and carotenoids, and increased tomato fruit LYCO. This means that ABA could potentially regulate carotenoid composition during ripening and may control ethylene production in tomato fruit. One of the implications of this study is that ABA has a positive effect on tomato carotenoids and chlorophylls in the leaf tissue. Increase in carotenoids and chlorophylls in the leaf tissue may improve its antioxidant capacity, thus giving protection to the photosynthetic apparatus under adverse abiotic stress conditions. In addition, the improved antioxidant capacity increases the nutritional value of the tomato fruit. Thus, the benefits of ABA as a powerful tool may only be feasible by protecting the plant from oxidative stress factors and increasing nutritional values in the fruit.
